There is a need for a specific, sensitive, robust, and large-scale method for diagnosis of drug resistance genes in natural Plasmodium falciparum infections. Established polymerase chain reaction (PCR)-based methods may be compromised by the multiplicity of P. falciparum genotypes in natural infections. Here we adopt a dot-blot method to detect point mutations at nucleotide 323 (residue 108) in the P. falciparum dihydrofolate reductase (dhfr) gene using allele-specific oligonucleotide probes. Serine (Ser) or threonine (Thr) at this position are associated with sensitivity to pyrimethamine while asparagine (Asn) is associated with resistance. The method combines PCR amplification and hybridization of amplified products with radiolabeled allele-specific probes. This technique is specific and sensitive; it detects parasitemia of less than 100 parasites/l of blood, and can identify a minority parasite genotype down to 1% in a mixture. Analysis of P. falciparum isolates from Sudan, of known response to pyrimethamine, has demonstrated the sensitivity and specificity of the method and its ability to detect multiple genotypes in single infections. Furthermore, it has confirmed the association between pyrimethamine responses and dhfr alleles. The method has been successfully extended for analysis of other point mutations in dhfr at residues 51 and 59, which are associated with a high level of pyrimethamine resistance.
INTRODUCTION
The genes determining resistance of Plasmodium falciparum to some antimalarials have been identified, and molecular methods for the detection of alleles conferring drug resistance have been established. [1] [2] [3] These methods include mutation-specific polymerase chain reaction (MS-PCR) 4 and PCR followed by restriction enzyme digestion of amplified DNA fragments. 5 The former provides better accuracy and sensitivity than the latter, 6 although its reproducibility relies on having few copies of the DNA template. It may therefore give inconsistent results with samples taken from natural infections in which variable levels of parasitemia occur. The PCR coupled with restriction enzyme digestion is reproducible but relatively less sensitive in revealing minority parasite populations in multiple infections, 6 where constituent clones may vary in their response to antimalarials. 7 Thus, the specificity and sensitivity of both MS-PCR and PCR coupled with restriction digestion may be compromised by quantitative variations of different P. falciparum clones in natural infections.
In this study, we have exploited a radiolabeled, allelespecific oligonucleotide hybridization technique for the detection of point mutations in the P. falciparum dihydrofolate reductase (dhfr) gene that are associated with resistance to pyrimethamine. Synthetic oligonucleotides have been shown to hybridize specifically to complementary DNA sequences. Under stringent washes, oligonucleotide hybridization with non-complementary DNA differing by a single mismatched base pair is unstable. This high degree of specificity has been exploited for detection of point mutations within genomic DNA that are associated with many genetic diseases. 8 In P. falciparum, this approach has recently been used for analysis of single-base polymorphisms in the merozoite surface protein-1 9 and the circumsporozoite protein. 10 Here we adapt an allele-specific oligonucleotide hybridization and dot-blot method to detect point mutations at nucleotide 323 (residue 108) in the P. falciparum dhfr gene. Serine (Ser) or threonine (Thr) at this position are associated with sensitivity to pyrimethamine while asparagine (Asn) is associated with resistance. 1 The method combines PCR amplification and hybridization of amplified products with radiolabeled, allele-specific probes.
MATERIAL AND METHODS

Plasmodium falciparum clones and isolates.
To establish the specificity and sensitivity of the technique we used three P. falciparum clones, 3D7, HB3, and T9-94, which contain, respectively, each of the three known dhfr alleles at nucleotide 323, encoding Ser, Asn, and Thr at residue 108 of dihydrofolate reductase. Mixtures of the three parasite clones were prepared in varying proportions and at a range of parasitemias.
Thirty-two uncloned P. falciparum isolates, collected from patients in Asar village in eastern Sudan, were also examined. Informed consent was obtained from all patients, and the project was approved by the National Ethical Committee, Ministry of Health, Sudan.
In vitro susceptibility of P. falciparum isolates to pyrimethamine. The in vitro sensitivity of 21 P. falciparum isolates to pyrimethamine was determined by the minimum inhibitory concentration (MIC) of drug, i.e., the lowest concentration that killed the parasites after exposure to the drug for 72 hr. 11 Plasmodium falciparum clones, 3D7, HB3, and Dd2 of known low and high MICs for pyrimethamine were included as controls in all in vitro tests.
Polymerase chain reaction and dot-blot. The DNA samples for PCR amplification were prepared from blood spotted onto filter paper. 12 Nested PCR products were obtained from all clones and isolates, using primers based on conserved sequences flanking codon 108 in dhfr. Outer amplification reactions were performed using primers Amp1: 5Ј-TTTATATT TTCTCCTTTTTA-3Ј and Amp2: 5Ј-CATTTT ATTAT-TCGTTTTCT-3Ј, followed by nested PCR using primers Sp1: 5Ј-ATGATGGAACAAGTCT GCGAC-3Ј and Sp2: 5Ј-ACATTTTATTATTC GTTTTC-3Ј, as previously described by Plowe and others. 12 Ten microliters of each PCR product were denatured in 10 mM EDTA and 0.4 M NaOH at 100°C for 10 min, and then neutralized in an equal volume of 2 M ammonium acetate, pH 7. The entire mixture was then blotted onto nylon membrane (Genescreen; New England Nuclear, Boston, MA) using a dot-blot apparatus (Bio-Rad, United Kingdom). The PCR products were fixed onto the membrane by UV cross-linking, according to the manufacturer's recommendations.
Labeling and hybridization of oligonucleotide probes. Three oligonucleotide probes were designed to detect the three dhfr alleles at amino acid position 108 (Table 1 ). Ten picomoles of each probe were labeled with 10 Ci of [␥-32 P] dATP using 10 units of polynucleotide kinase (Amersham Pharmacia Biotech, United Kingdom). Unincorporated [␥-32 P]-dATP was removed using Microspin columns (Amersham Pharmacia Biotech).
Blots were pre-hybridized for 30 min in hybridization buffer (5× SSPE ‫ס‬ 0.15 M NaCl, 10 mM sodium phosphate, 1 mM EDTA, 5× Denhardt's reagent, 0.5% sodium dodecyl sulfate (SDS), 0.01% denatured, sonicated herring sperm DNA) at the appropriate temperature for the probe used. Labeled probe (0.1-0.2 pmol/ml) probe was added and hybridized for at least 5 hr at a temperature of 58.5°C, 53.5°C, and 52°C for the Ser-specific, Asn-specific and Thr-specific probes, respectively. The blots were washed with 2× SSC for 20 min and twice for 15 min in 1× SSC/0.1% SDS, all at the appropriate hybridization temperature. Blots were exposed to Kodak (Rochester, NY) X-Omat film for 12-24 hr. Following autoradiography, probes were stripped by two washes in 0.1 M NaOH each for 15 min at room temperature, and then rinsed in 5× SSC for 5 min. The blot was then rehybridized with other probes as required.
RESULTS
The dhfr alleles in mixtures of P. falciparum clones. Clones 3D7, HB3, and T9-94 were confirmed to harbor dhfr-Ser108, dhfr-Asn108, and dhfr-Thr108 alleles, respectively, by a mutation-specific PCR described by Plowe and others 12 and by direct sequencing of PCR products. The probes hybridized with their respective PCR products with high specificity and sensitivity ( Table 2 and Figure 1 ). No signals were detected with any samples that contained uninfected blood cells. The technique was also successful in detecting all alleles in mixtures of 3D7 and HB3 (Table 2) and 3D7, HB3, and T9-94 in different quantities and proportions. The limit of detection of the minority parasite in such mixtures was approximately 10 2 parasites per microliter of blood, which is equivalent to 10 parasites in the PCR premixture. However, two of three samples with 3D7 at this level ( Table 2 , samples 42, 53, and 54) were negative when examined with the Ser-specific probe, although in other mixtures a positive signal was detected from 10 2 parasites. Accurate quantitation of hybridization was not FIGURE 1. Dot-blot of polymerase chain reaction (PCR) products of mixtures of Plasmodium falciparum clones 3D7 and HB3 hybridized with allele-specific oligonucleotide probes. Panels A and B show the dot-blot hybridized with the asparagine (Asn)-specific probe (associated with pyrimethamine resistance) and the serine (Ser)-specific probe (associated with pyrimethamine sensitivity), respectively. The positions of PCR products of serial dilutions of clone 3D7 and HB3 are shown in Table 2 . 
* The polymorphic base pair is shown underlined, while mismatches, to increase sensitivity of hybridization, are shown in lower case. DETECTING DRUG-RESISTANT P. FALCIPARUM BY DOT-BLOT HYBRIDIZATION possible, although as a general rule each allele in a mixture hybridized with its specific probe at an intensity relative to its estimated proportion in the sample.
The dhfr alleles and in vitro pyrimethamine response in natural P. falciparum isolates. The dhfr alleles were examined among the 32 Sudanese P. falciparum isolates (Table 3 and Figure 2 ). Twenty-one samples hybridized only with the Ser-specific probe, four samples only with the Asn-specific probe, and none with the Thr-specific probe, in agreement with previous work, which did not detect this allele in other African countries (e.g., Wang and others 13 ). Four isolates hybridized with both the Ser-specific and Asn-specific probes, indicating the presence of mixed parasite clones in these infections ( Figure 2 and Table 3 ). Three isolates did not hybridize with any of the three probes because DNA extracted from these isolates did not produce PCR products ( Figure 2 and Table 3 , samples C3[K/152], E3[K/129], and H3[K/118]).
We compared the alleles detected in the Sudanese isolates with their in vitro responses to pyrimethamine. 8 All sensitive isolates only contained dhfr-Ser108 while most resistant parasites had dhfr-Asn108. One resistant isolate, 125/89, was found to harbor both mutant and wild type alleles ( Figure 2 and Table 3 ). Two resistant isolates, 123/89 and 124/89, hybridized only with the Ser-specific probe.
The dhfr alleles at residues 51 and 59. Alleles at amino acid residues 51 and 59 were detected using oligonucleotide probes similar to those for 108 ( Table 1 ). The wild typespecific and the mutant-specific probes identified their respective P. falciparum genotypes, 3D7 and Dd2, with high specificity.
DISCUSSION
Allele-specific oligonucleotide hybridization methods have been widely used for the examination of single base polymorphisms in genomic DNA, and for identification of mutations associated with drug resistance in some microorganisms (e.g., Victor and others 14 ) . In this study, we have adopted this technique to detect a point mutation in codon 108 of the dhfr gene associated with resistance to pyrimethamine. The method is specific, sensitive, and very robust. It is able to detect dhfr alleles in samples with parasitemias less than 100 parasites/l of blood and distinguishes minority genotypes when they coexist at very low proportions (1%) in mixture with other clones. The method has been extended successfully for the detection of point mutations in residues 51 and 59 of the dhfr, which are associated with high levels of resistance to pyrimethamine.
The method described here could be applied to the detection of mutations in genes associated with resistance to other antimalarials such as chloroquine, in which resistance has been attributed to a single point mutation in the Pfcrt gene 3, 15 and in Pfmdr1. 2 The combination of this technique and a 96-well plate PCR could allow extensive epidemiologic surveys of antimalarial genes to be carried out. This may allow analysis of evolutionary patterns of drug resistance and the subsequent identification of targets that may control the Dd2 H3  K118  −  −  −  ND  I3  K468  −  +  −  ND  J3  K486  +  +  −  ND  K3  K466  +  +  −  ND  L3 K496 + + − ND * Twenty-one of the isolates were examined for their in vitro response to pyrimethamine. The dhfr alleles of these isolates and clones are shown in show the dot-blot hybridized with the asparagine (Asn)-specific probe (associated with pyrimethamine resistance), the serine (Ser)specific probe, and the threonine (Thr)-specific probe (associated with pyrimethamine sensitivity), respectively. The positions of PCR products of the isolates in the membrane are given in Table 3. spread of drug resistance. The use of a non-radioactive labeling system could be an additional advantage in this technique, eliminating the possible safety risk associated with radioactive labeling. However, the non-radioactive systems may be less sensitive in revealing low-level parasites, especially when they occur as mixtures with different genotypes. 6 The dhfr alleles detected in the Sudanese isolates were strongly associated with their in vitro responses to pyrimethamine. 11 This agrees well with previous reports that indicate the role of the Asn-108 mutation in pyrimethamine resistance (e.g., Peterson and others 1 ). However, two pyrimethamine resistant isolates (123/89 and 124/89) hybridized only with the Ser-specific probe. The dhfr typing of these isolates was carried out using DNA collected prior to the in vitro drug test. It is possible that these isolates contained a mixture of sensitive and resistant clones, with the latter existing at a low parasitemia undetectable by the PCR or sequestered in capillaries and not present in the circulating blood; during the in vitro test such minority resistant parasites could have increased in number due to selection by the drug.
Multiple clones are frequently found in natural P. falciparum infections, 16 and drug-sensitive and -resistant parasites often co-exist in the same infection (e.g., Thaithong and others 7 ). The method described here is able to detect minority parasite populations at a proportion of 1% relative to the majority clone. This level of sensitivity is comparable to the MS-PCR with radioactive labeled, allele-specific primers. 6 For a potential diagnostic role, an assay should be sensitive enough to detect low-level resistant clones in a mixture, which will eventually increase in density through selection following treatment. The detection of minority parasite genotypes is also important for accurate estimates and monitoring frequencies of drug resistance genes following changes in drug deployment policy.
In summary, we have demonstrated that our allele-specific hybridization method is specific and very sensitive in detecting point mutations in the P. falciparum dhfr gene. The method has a clear value in surveying frequencies of genes conferring drug resistance in field populations. In addition, similar methodology could be used to survey point mutations in other genes. The development of such a high throughput tool, similar to the microarray system, for large-scale screening of single point mutations and/or other sequence polymorphisms is of great interest. 
